Introduction
============

The thyroid hormone 3, 5, 3′-triiodothyronine (T~3~) has a fundamental role in the development, differentiation, and physiology of the central nervous system (CNS) in all life stages.[@b1-ndt-6-137]--[@b3-ndt-6-137] It is a regulator of central neurotransmission in both the adult[@b4-ndt-6-137]--[@b6-ndt-6-137] and perinatal ages.[@b7-ndt-6-137],[@b8-ndt-6-137]

Perinatal hypothyroidism is a disorder characterized by a reduction of the thyroid hormone during a critical period of brain development. This state is associated with a profound and often irreversible morphological defect contributing to severe cognitive and neurological impairment related to behavioral changes, such as cognitive dysfunction, attention deficit, and depression. Furthermore, hypothyroid subjects who have psychiatric disorders with hormone replacement therapy reversed the symptoms.[@b9-ndt-6-137] There have been descriptions of hypothyroidism-caused metabolic dysfunction in growth, energetic metabolism, and thyroid hormone secretion by the thyroid gland.[@b10-ndt-6-137],[@b11-ndt-6-137]

However, the majority of studies that related perinatal hypothyroidism to several variables used an antithyroid drug, methimazole, or propylthiouracil to reduce thyroidhormone serum concentration. However, these drugs cause extrathyroid actions[@b12-ndt-6-137] such as cellular damage in different organs.[@b13-ndt-6-137] For this reason, it is important to develop models to cause neonatal and perinatal hypothyroidism without modifying other systems, such as using thyroidectomy with a parathyroid reimplant.

The objective of our study was to develop, in rat pups, neonatal and perinatal hypothyroidism caused by thyroidectomy of the mother to prove a behavioral test related to anxiety and depression, and show changes in developmental variables such as body weight and length. It used open-field in an unknown environment, elevated plus-maze, and social interaction to evaluate anxiety-like behaviors. Meanwhile, the forced swimming test was used to evaluate depressivelike behaviors.

Methods
=======

Twenty female Wistar rats (235--250 g) from our animal care facilities were used. Animals were housed singly (acrylic cages, 20 × 30 × 18 cm, with food and water ad libitum). The cages were located together in racks (so that auditory and olfactory contact were maintained) in a light (0800 to 2000 lights on) and temperature (21 ± 1°C) controlled room. Food and water were always available. The rats were allowed to acclimatize to the colony-room conditions for at least 1 week before the start of the experiments.

All animal procedures were done in accordance with the guidelines of the Laws and Codes of Mexico in The Seventh Title of the Regulations of the General Law of Health Regarding Health Research.

Experimental design
-------------------

The rats were randomly divided into two groups: 1) thyroidectomy-caused hypothyroidism, in which rats had their thyroid gland removed and the parathyroid reimplanted (n = 10); and 2) false thyroidectomy (n = 10). Thyroidectomy was done on rats anesthetized with ketamine (10 mg/kg, im)--xylazine (5 mg/kg, im). We used the method previously described.[@b13-ndt-6-137] Briefly, by using a stereomicroscope (Zeiss, Germany) for better observation, the stenothyroid muscle was cut and the trachea was exposed. The parathyroid gland was located, dissected from the thyroid gland, and reimplanted into the surrounding neck muscle. The thyroid gland was carefully dissected out to avoid injury to the laryngeal nerve and was completely excised. After surgery ketorolac (50 mg/kg, im) and gentamicin (10 mg/kg, im) were administered over 5 days to alleviate pain and prevent infection.

After recovering from the surgery, three females were put with one male in a plastic cage for mating and only the thyroidectomized rats received a dose of T~4~ (20 μg/kg/week sc during three gestation weeks). One day after birth, pups were assigned randomly to each group and they were distributed into two groups as: hypothyroid group; male pups of hypothyroid mother with a hypothyroid wet nurse (n = 24, eight pups per nurse) or euthyroid group; male pups of euthyroid mother with an euthyroid wet nurse (n = 24, eight pups per nurse).

At birth we quantified the number of pups. The neurodevelopment of pups was evaluated indirectly by the day on which the pups opened their eyes. The serum thyroid hormone concentration was evaluated in pumps at birth and one day after the behavioral procedure. At birth we used eight male pups of each group, meanwhile at prepuberal age we used sixteen male rats per group. The serum was separated and stored at −70°C until assayed. The T~3~ and T~4~ concentrations were later determined by an enzyme immunoassay (ICN Pharmaceuticals, USA).

Pups were weaned at 21 posnatal, and during all treatment (P38), we measured the body weight and length three times a week. At weaning eight rats of same group were allocated in acrylic cages, 20 × 30 × 18 cm, with food and water ad libitum.

Behavioral procedure
--------------------

All behavioral testing was done between 0900 and 1300 and was recorded on videotape using a VHS video camera (NV-N3000PN, Panasonic). We analyzed the behavioral test at prepubertal age (P33--P37). The test time of day was balanced across experimental groups. We used open-field test in an unknown environment, social contact to prove anxietylike behavior. Meanwhile, swimming forced test was used to evaluate depressive-like behavior.

### Open-field test in an unknown environment

The open-field test in an unknown environment was made on P33.[@b14-ndt-6-137] In this test, the automatic activity counter consists of an acrylic cage measuring 51.1 × 9.5 × 69.2 cm with two arrays of 15 infrared beams, with the arrays placed perpendicular to one other. The beams are spaced 2.5 cm apart. The interruption of each beam generates an electric impulse, which is processed and presented as a count (Opto-Varimex; Columbus Instruments, Ohio, USA). The total activity over a 5-min session was recorded. After each trial, the rats were returned to the colony room and the area was cleaned with ethanol and a neutral detergent. The test time was balanced across experimental groups.

### Social contact test

We evaluated social contact as previously described.[@b15-ndt-6-137] Twenty-four hours before the test on P33, animals were singly housed in a metallic cage (20 × 30 × 18 cm) with food and water ad libitum. The cages were located together in racks for maintaining auditory and olfactory contact. The test was made in an open arena (60 × 60 × 30 cm). The floor was made of smooth black wood. The light conditions were comparable to the light intensity in the housing room; two 39-W overhead fluorescent bulbs were suspended 180 cm above the center of the field and provided 210 Lx at the floor. The next day (P34) the rats were brought in an individual plastic cage to the testing area, which was in the same building and floor as the colony room. Two animals from the same experimental group were placed on the testing area and 10 min of their social interaction was videotaped and automatically analyzed by the Videomex V apparatus (Columbus Instruments, Columbus, OH, USA). After each trial, the rats were returned to the colony room and the area was cleaned with a detergent. The social contact program provides a simple method for recording the interaction between two animals. It gives the total number of contacts during the experiment and the total amount of time the animals have been in contact.

### Elevated plus-maze test

The plus-maze has two open and two enclosed arms (50 × 10 × 40 cm) mounted 50 cm above the floor.[@b16-ndt-6-137] The floor of the arms was smooth. White fluorescent tubes (39 W) were mounted above the maze so that all arms were equally illuminated with 210 Lx. For this experiment, separate groups of animals (singly housed) were used. On P35, the rat was placed in the central platform of the apparatus facing an enclosed arm. A camera on the ceiling of the test room was used to record the experiment for 3 min. A person blind to the animal's treatment evaluated the time spent in the open and closed arm. Arm entry was defined as all four feet on the arm. The maze was cleaned following each trial.

### Forced swimming test

The test was made using the method described.[@b17-ndt-6-137] Briefly, prepubertal rats were individually forced to swim in open cylinders (25 cm height × 10 cm diameter) containing 19 cm of water at 25 ± 1°C. This procedure was done in two days. The first day is for the pretest and the second day the test was evaluated. On P36 (pretest) the animals were put in the cylinder for 15 minutes. On the test day (P37) the animals were put in the cylinder for only 5 minutes. We analyzed the swimming, climbing, and immobility durations. After each test, the animals were dried with a towel and they were put into a plastic cage in the colony room.

Statistical analysis
--------------------

The number of pups at birth and the day the pups opened their eyes were given as the median (percentile intervals). All the other variables evaluated were given as the mean (SE). The statistical analysis for nonparametric variables was evaluated by the *U*-Mann--Whitney test. The body weight and length were evaluated by a repeated measures two-way ANOVA and a post hoc Newman--Student--Keuls test. The behavioral test were analyzed by a Student's *t-*test. *P* less than 0.05 was considered statistically significant.

Results
=======

Panel A of [Figure 1](#f1-ndt-6-137){ref-type="fig"} shows that a hypothyroid mother caused by thyroidectomy with a parathayroid reimplant (Tx) has fewer pups than those with a false thyroidectomy that are euthyroid ( = 10.5, *P \<* 0.01). Panel B of [Figure 1](#f1-ndt-6-137){ref-type="fig"} shows that the hypothyroid pups open their eyes later than the euthyroid pups (*U =* 360, *P \<* 0.001).

[Figure 2](#f2-ndt-6-137){ref-type="fig"} shows the effect of perinatal hypothyroidism on body weight (panel A) and length (panel B). Perinatal hypothyroidism caused by the Tx mother caused a decrease in body weight and length (for body weight week: *F =* 534.9, *P \<* 0.001; thyroid state: *F =* 3301.6, *P \<* 0.001; interaction week × thyroid state: *F =* 3301.6, *P \<* 0.001; for length week: *F =* 2334, *P \<* 0.001; thyroid state: *F =* 48.7, *P \<* 0.001; interaction week × thyroid state: *F =* 31.9, *P \<* 0.001).

The thyroid state of animals was corroborated by serum determination. In [Table 1](#t1-ndt-6-137){ref-type="table"}, it is shown that T~3~ is lower in perinatal hypothyroid rats at birth and on P36 than euthyroid rats (at birth: *t =* 3.25, *P \<* 0.005; at P36: *t =* 2.81, *P \<* 0.01). The T~4~ concentration did not change (at birth: *t =* 0.62, *P =* 0.54; at P36: *t =* 1.24, *P =* 0.22).

The effect of perinatal hypothyroidism in the open-field test is shown in [Figure 3](#f3-ndt-6-137){ref-type="fig"}. The neonatal and perinatal hypothyroid rats had an enhanced total exploratory activity (panel A, *t =* 2.46, *P \<* 0.05) because of increased ambulatory activity or horizontal activity (panel B, *t =* 2.21, *P \<* 0.05). In this test, the vertical activity was not modified (panel C, *t =* 0.34, *P =* 0.75).

The neonatal and perinatal hypothyroidism did not affect the time spent on the open (panel A [Figure 4](#f4-ndt-6-137){ref-type="fig"}; *t =* 1.09, *P =* 0.29) and enclosed arms (panel B [Figure 4](#f4-ndt-6-137){ref-type="fig"}; *t =* 0.29, *P =* 0.77) in the elevated plus-maze. The number of social contacts (panel A [Figure 5](#f5-ndt-6-137){ref-type="fig"}; *t =* 1.62, *P =* 0.14) and time spent in social contact (panel B [Figure 5](#f5-ndt-6-137){ref-type="fig"}; *t =* 0.27, *P =* 0.78) were not modified by neonatal and perinatal hypothyrodism.

In [Figure 6](#f6-ndt-6-137){ref-type="fig"} we present the effect of perinatal hypothyroidism on the forced swimming test. We observed that immobility in hypothyroid rats is enhanced compared with euthyroid animals (panel A, *t =* 2.21, *P \<* 0.05). Hypothyroid rats have a lower climbing duration than euthyroid rats (panel B, *t =* 3.15, *P \<* 0.005). Swimming in this test did not change because of the treatments (panel C, *t =* 0.56, *P \<* 0.58).

Discussion
==========

Thyroid hormones play an important role during fetal development and they are essential for the proper development of the central nervous system. Thus, perinatal hypothyroidism causes abnormal neurodevelopment and behavioral alteration in the pups.[@b18-ndt-6-137] This condition is caused by the antithyroid drug administration at different times during the embryonic development. However, controversial findings have been observed in the behavioral test because this method uses different antithyroid drugs, methimazole, or propylthiouracil. There are other variables influencing the experiment such as the time of antithyroid drug treatment and dose. It has been demonstrated that antithyroid drugs cause extra-thyroid effects such as cellular damage.[@b13-ndt-6-137] All of these factors make it difficult to study the effects of neonatal and perinatal hypothyroidism per se. The aim of our work was to evaluate a behavioral test related to anxiety and depression in the pups of a mother thyroidectomized with a parathyroid gland reimplant. We thus eliminate the effect of the drugs on neonatal and perinatal hypothyroidism.

For developmental parameter, we found that hypothyroid mother has a fewer number of pups. The hypothyroid pups have opened their eyes later than the euthyroid pups. The hypothyroid pups had decreased body weight and length during the first four weeks of life, and have a decreased T~3~ at birth and on P38.

The litter size of hypothyroid rats was lower than that of the euthyroid rats, as well as that described for partially thyroidectomized rats.[@b10-ndt-6-137] At birth the hypothyroid pups are smaller than euthyroid pups and they appear to be developmentally immature, as others have demonstrated.[@b19-ndt-6-137],[@b20-ndt-6-137]

Hypothryoid pups had a lower body weight than euthyroid pups from birth to prepubertal age. This can be explained because hypothyroid rats had an enhanced transcription of mRNA for leptin[@b21-ndt-6-137] and its concentration in serum.[@b22-ndt-6-137] Leptin acts on the hypothalamus producing an anorexigenic effect so that hypothyroid pups have a lower appetite than euthyroid animals. The milk quality of hypothyroid dams is poor because it has less nutrients such as triglycerides and proteins because of reduced lipogenic enzymes and protein synthesis.[@b23-ndt-6-137]

For the pups' length, the hypothyroids were smaller than euthyroids during the prepubertal age. Some studies had proposed that hypothyroidism reduced body growth in the prepubertal age because of a thyroid-hormone reduced basal metabolic rate[@b11-ndt-6-137] and stated that this affects metabolic programming.[@b10-ndt-6-137]

The perinatal hypothyroid state was corroborated by thyroid hormone determination. We found that hypothyroid animals had lower levels of T~3~ than the euthyroid animals. We found that hypothyroid pups open their eyes later than euthyroid pups. This implied an alteration in neurodevelopment because a deficiency of thyroid hormone causes a retardation of the development of the CNS.[@b18-ndt-6-137] Other tests that reveal alteration in the CNS are the behavioral tests. The deficiency of the thyroid hormone in the early stages of development could lead to structural changes at different brain levels, which modify long-term behavioral responses because the thyroid hormones are important to maintain the metabolic functioning of neurons during the life cycle of the rat.[@b18-ndt-6-137],[@b24-ndt-6-137] We found that hypothyroid pups have an enhanced exploratory activity in a novel environment without affecting anxiety-related behavior evaluated in the elevated plus-maze and social interaction tests at a prepubertal age. These animals have an increased immobility duration with a decrease in scaling time in the forced swimming test.

The results of the open-field test were similar to the data found by other investigators.[@b25-ndt-6-137],[@b26-ndt-6-137] We found an increase of total activity. This test is traditionally considered to be indicative of hyperreactivity and an anxiety behavior of rats. However, more sensitive tests to evaluate anxiety, the elevated plusmaze and social interaction, did not reveal anxiety-related behavior. The increased exploratory activity during the prepubertal age could be related to abnormal ontogenetics of the test. It is well established that the development of exploratory activity has a U-shaped curve as a function of age.[@b27-ndt-6-137] Thus, neonatal and perinatal hypothyroidism did not cause anxiety-like behavior.

However, the most relevant finding of our study was the depressed behavior observed in hypothyroid prepubertal rats. We saw a reduction of climbing and an enhanced immobility in the forced swimming test. It has been demonstrated that catecholamines, serotonin, and noradrenaline modulate climbing and immobility responses in the forced swimming test.[@b28-ndt-6-137] Therefore this result supports the idea that hypothyroidism changes the central neurotransmission.[@b5-ndt-6-137] It is possible that the neonatal and perinatal hypothyroidism decreased the response of the serotonergic and noradrenergic systems because it affects the intracellular signaling transduction.[@b29-ndt-6-137] Furthermore, hypothyroidism may alter the serotonergic and noradrenergic systems in the same way, both in the neonatal and perinatal period and in adults.[@b30-ndt-6-137]

This study presents a novel model to cause neonatal and perinatal hypothyroidism without pharmacological drug use. We demonstrated that hypothyroid animals had a reduction in body weight and lenth, a retardation of their neurodevelopment, and depressive behavior.

Thanks to Dr Ellis Glazier for editing this English-language text.
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###### 

Quantification of serum thyroid hormone in euthyroid and hypothyroid rats

  Serum concentration (nmoles/L)           Groups         
  ---------------------------------------- -------------- -------------------------------------------------------
  T~3~ at birth (*n* = 8)                  0.76 ± 0.14    0.30 ± 0.02[\*](#tfn1-ndt-6-137){ref-type="table-fn"}
  T~3~ at prepubertal age P38 (*n* = 16)   1.01 ± 0.07    0.69 ± 0.09[\*](#tfn1-ndt-6-137){ref-type="table-fn"}
  T~4~ at birth (*n* = 8)                  20.55 ± 5.03   15.08 ± 7.20
  T~4~ at prepubertal age P38 (*n* = 16)   32.48 ± 4.70   45.80 ± 9.59

*P* \< 0.05 vs euthyroid group. Student's *t*-test.
